Nanocomposites obtained by integrating iron oxide magnetic nanoparticles (Fe 3 O 4 ) into a metal-organic framework (HKUST-1 or Cu 3 ĲBTC) 2 , BTC = 1,3,5-benzenetricarboxylate) are synthesized through conversion from a composite of a Cu-based ceramic material and Fe 3 O 4 . In situ small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) measurements reveal that the presence of 
Introduction
Metal-organic frameworks (MOFs), also called porous coordination polymers (PCPs), are a class of crystalline hybrid materials prepared via well-established principles of coordination chemistry using self-assembly of metal ions or metal clusters with organic linkers. [1] [2] [3] Unlike traditional inorganic porous materials, unlimited possible combinations of such an assembly enables access to reticular structures with tunable porosity and attractive functionalities. [4] [5] [6] [7] In addition, new synergetic properties have been obtained by incorporating functional species into MOFs, further expanding their potential applications. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] While there are a large number of reports describing different methods for successfully combining exogenous species into MOFs, [18] [19] [20] [21] the encapsulation of nanoparticles is particularly promising due to the innovative functional properties that cannot be obtained from the parent MOFs alone. [22] [23] [24] [25] [26] Typically, the encapsulation of nanoparticles is achieved through the introduction of precursors using solution impregnation, gas-phase infiltration or a solid-phase method, and subsequent conversion into the corresponding functional components inside the frameworks. [27] [28] [29] However, in this two-step approach, free nanoparticles are often present which need to be removed from the system. This is generally achieved by a gravimetric separation step, exploiting the different sedimentation rate between the nanoparticles and the MOF crystals, before separating the magnetic composite from the pure MOF. 25 Additionally, particle size and morphology are limited by the cavities of the MOFs. 30, 31 Moreover, the framework can potentially be degraded during nanoparticle formation. 30, 31 In an attempt to overcome this difficulty, approaches for the growth of MOFs around pre-formed functional particles have been successfully proposed. 32, 33 These approaches involve the addition of preformed functional species into the MOF precursor solution and the subsequent in situ formation of MOF crystals with embedded functional particles. Furthermore, it has been demonstrated that the heterospecies can improve the kinetics of MOF formation, [34] [35] [36] as nano-and micro-particles can act as crystallization facilitators promoting faster MOF growth. On the other hand, functional nanoparticles tend to aggregate under the acidic environment created by the dissociation of ligands during this solution process. 37, 38 Therefore, surface modification and the choice of the proper solvent can help the nucleation and growth of the MOFs around the functional components. 39, 40 An interesting emerging approach that overcomes this issue involves the use of ceramic materials as the metal source for the direct conversion into a MOF composite. [41] [42] [43] [44] Interestingly, the ceramic materials can act as protecting agents for functional nanoparticles reducing their exposure to harsh conditions. [41] [42] [43] [44] Furthermore, the use of ceramics as precursors has allowed mild conditions to be used (e.g. water/ alcohol at room temperature) with short processing times. 45 Here we describe a simple approach to incorporate magnetic nanoparticles into MOFs by taking advantage of the method developed in our previous study, as shown in Fig. 1 . 46 We previously reported the synthesis of HKUST-1 
Results and discussion
Characterization of materials adding a mixed solution of ethanol (EtOH) and water containing H 3 BTC. After about 10 seconds of reaction time, the color change of the precursor materials from light blue to deep turquoise could be detected visibly, thus indicating the formation of HKUST-1. 47 Significant changes in morphology from the Cu-based precursors to the octahedral crystals of HKUST-1 were observed after 10 min of the conversion time ( Fig. 2b and d) . SEM images at 10 s and 1 min conversion time were also obtained to follow the evolution of the HKUST-1 (see Fig. S1 in the ESI †). The octahedral morphology of the particles suggests the successful formation of HKUST-1 crystals. 47 It should be noted that the particle size of 48 These results suggest that Fe 3 O 4 nanoparticles remained essentially unchanged even after the conversion process and integrated in HKUST-1. Powder X-ray diffraction (XRD) measurements were carried out in order to ascertain the formation of HKUST-1 crystals, as shown in Fig. 3a . After the conversion to MOF, the measured diffraction patterns matched with previouslyreported HKUST-1 diffraction patterns. 47 proposed by Bradshaw et al., 56 was found to have the surface area of 1236 m 2 g −1 . The surface areas of the HKUST-1 materials prepared using the method proposed here were found to be c.a. 20% lower than that of HKUST-1_ref. This result suggests the residual precursor species still exist in the framework, which is consistent with the results obtained by FT-IR measurements. This conclusion is supported by previous studies into converting other Cu-based ceramics into HKUST-1. 45, 46, 57 In order to gain further insights into the growth of the HKUST-1 crystals, in situ small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) measurements were conducted at the Australian Synchrotron. For these measurements, the Cu-based precursor materials were placed in a capillary with the mixed solution of EtOH and water, followed by the controlled addition of the alcoholic solution containing the H 3 BTC linker using a syringe. Once filled with the solution, the capillary was illuminated by a highintensity X-ray beam, and the scattered radiation was collected by the two 2D detectors. The obtained 2D scattering patterns have been background-subtracted, radially integrated and plotted as a function of the reaction time. The obtained SAXS/WAXS-based diffraction patterns for the conversion of Fe 3 O 4 @Cu 2 ĲOH) 3 NO 3 and Cu 2 ĲOH) 3 NO 3 are shown in Fig. 4 . For the conversion of Fe 3 O 4 @Cu 2 ĲOH) 3 NO 3 into Fe 3 O 4 @HKUST-1, the peaks attributed to the HKUST-1 structure appeared just after the ligand was injected (within 10 seconds). Within 50 seconds, plateaus were found in the intensities of the peaks corresponding to HKUST-1, including two intense peaks that appeared at Q = 0. 67 The local structure of Fe species in Fe 3 O 4 @HKUST-1 was investigated by Fe K-edge XAFS (XANES and EXAFS) measurements ( Fig. 5a and b) . The edge position as well as the shape of the XANES spectrum of 58, 59 These results indicate that the Fe species in Fig. 5c ) and, as a result, it can be easily separated after use as a heterogeneous catalyst.
Catalytic study (one-pot reaction)
Potential catalytic properties of Fe 3 O 4 @HKUST-1 were investigated through a one-pot sequential cascade reaction. One-pot reactions have drawn much attention as an attractive synthetic concept for improving overall process efficiency and reducing production wastes. @HKUST-1 was applied to one-pot sequential deacetalization and Knoevenagel condensation from benzaldehyde dimethylacetal and malononitrile to produce benzylidenemalononitrile. The reaction was carried out at 363 K using 1,4-dioxane as a solvent. Fig. 6 shows time course of the one-pot reaction. Benzylidenemalononitrile (3, square) was efficiently generated from benzaldehyde dimethylacetal (1, circle) via a pathway involving the initial formation of benzaldehyde (2, diamond), and that the yield of 3 reached 99% after a 5 h reaction time. It was also confirmed that the reaction did not take place in the absence of a catalyst (entry 11 in Table 1 ). For comparison purposes, other materials including conventional catalysts were applied for this one-pot reaction. The results are summarized in Table 1 . The reaction was hardly promoted over Fe 3 O 4 (entry 2), indicating that HKUST-1 played an important role in the progression of the reaction. While Fe 3 O 4 @HKUST-1 gave 99% of the final product, HKUST-1 made from Cu 2 ĲOH) 3 NO 3 without Fe 3 O 4 and HKUST-1_ref made by the conventional method gave 94% and 67% yields, respectively. This difference in the catalytic activity could be explained by taking into account the different particle size of the materials (See Fig. 2 and Fig. S5 in the ESI † for the particle size of HKUST-1_ref). Since HKUST-1 is a microporous material with ∼1 nm-size Fig. 7a , Fe 3 O 4 @HKUST-1 could be reused at least 5 times with the retention of high catalytic activity and selectivity. The stability of Fe 3 O 4 @HKUST-1 was investigated by XRD measurements before and after the reaction (Fig. 7b) . The diffraction pattern corresponding to the HKUST-1 structure was maintained after the reaction, indicating that Fe 3 O 4 @HKUST-1 possesses good resistance to degradation during one-pot reaction cascades. Furthermore, a leaching test was performed, as shown in Fig. S6 . † Specifically, we observed that removal of the catalyst following a 1 h period caused the reaction to cease, indicating that the catalyst has heterogeneous nature.
Catalytic study (hydrogenation of olefin)
To further exploit the versatility of the current magnetic MOF nanocomposite, Pd nanoparticles were added into the solution containing Fe 3 O 4 @Cu 2 ĲOH) 3 NO 3 , then the conversion into MOF was promoted with the addition of the linker solution. The formation of HKUST-1 was confirmed by XRD analysis (Fig. S7 †) performed on the magnetically collected and washed powders. An ICP-OES analysis was carried out to determine the loading amount of Pd. The result revealed that the magnetic composite contained 0.32 wt% of Pd. In order to clarify the state of Pd in the material, XAFS measurements were performed and are shown in Fig. S8 . † The edge position and the shape of the XANES spectrum of Pd/Fe 3 O 4 @HKUST-1 are similar to those of the Pd metallic foil used as a reference. The FT-EXAFS spectrum (without phase-shift corrections) of the magnetic composite shows one peak corresponding to neighbouring Pd atoms (2.0-3.0 Å). Other peaks arising from potential Pd oxides were not observed in the spectrum. These data indicate that Pd species in Pd/ Fe 3 O 4 @HKUST-1 system mainly exist in a metal state without a significant change during the conversion process. The composite was investigated using TEM to further confirm the presence of Pd particles in the material (Fig. S9 †) . The results clearly show 10-20 nm Pd nanoparticles located within the material. The prepared Pd/Fe 3 O 4 @HKUST-1 composite has been utilized for hydrogenation reaction of 1-octene to octane in the liquid phase. While no reaction occurred when using Fe 3 O 4 @HKUST-1, the presence of Pd/Fe 3 O 4 @HKUST-1 successfully produced octane from 1-octene. Fig. 8 shows the time course of the reaction. The yield of octane was 98% within 3 h reaction time. These results indicate that Pd nanoparticles act as an effective catalyst for this hydrogenation reaction while the pure Fe 3 O 4 @HKUST-1 does not show appreciable catalytic activity. In order to check the reusability and stability of Pd/Fe 3 O 4 @HKUST-1, recycling tests and XRD measurements were performed (Fig. S10 †) . Pd/Fe 3 O 4 @HKUST-1 could be recycled at least 5 times without significant activity loss. Moreover, XRD patterns of the catalyst did not significantly change after the catalytic reaction. As in the sequential deacetalization-Knoevenagel condensation reaction, a leaching test further confirmed that there is no contribution from the leached species (Fig. S11 †) . Furtheremore, ICP-OES analysis was carried out for the reaction solution after the reaction using Pd/Fe 3 O 4 @HKUST-1. The obtained result showed that Pd and Fe species in the solution were below the detection limit (ca. 10 ppm). These results indicate the durability of the Pd/Fe 3 O 4 @HKUST-1 as a multifunctional material for catalytic applications. However, it should be noted here that slight morphological change in the catalysts might be caused during the reactions and this could influence the catalytic activity and selectivity 77, 78 .0 mmol) is dissolved in 10.0 mL of deionized water using an ultrasound bath. The ironĲII) solution is added at once into the hydroxide/citrate solution under vigorous stirring (>500 rpm), and the mixture turns to dark brown in few seconds. The flask is kept stirring at 100°C for an additional hour, then the stirbar removed, and the mixture let to cool down naturally. The magnetic nanoparticles are collected using a commercial N45 magnet, and the supernatant discarded. The magnetic nanoparticles are placed in another vessel and suspended in 100 mL of deionized water, using an ultrasound bath, for 30 min. The material is collected again as described above, and this washing procedure is repeated 3 times. At the end, the magnetic nanoparticles are shaken in 100 mL of acetone, then dried in a rotary evaporator. This water-stripping procedure is repeated twice, then the obtained brown to black material is dried in a vacuum oven (<30 mbar) at 60°C for at least 3 h. The prepared sample is denoted as Fe 3 O 4 @Cu 2 ĲOH) 3 NO 3 .
Fe 3 O 4 @HKUST-1 was prepared from Fe 3 O4@Cu 2 ĲOH) 3 NO 3 as follows: Fe 3 O 4 @Cu 2 ĲOH) 3 NO 3 (97 mg) was added to the mixed solution of 5 mL of EtOH and 2 mL of water containing H 3 BTC (106 mg) as organic linker. The mixture was stirred for 10 min at room temperature. Then, crystals were separated from the Fe 3 O 4 @HKUST-1 composite by the localization of the magnetically responsive composite with a commercial magnet. The resulting powder was washed with water and EtOH, and then collected via centrifugation at 5000 rpm. The collected samples were dried under vacuum.
Pd nanoparticles were prepared by a modified version of the previously reported procedure proposed by Hou and coworkers. 84 Typically, PdCl 2 (20 mg), PVP (834 mg), and 20 mL of H 2 O were mixed and stirred at 0°C in an ice bath. A mixture of NaBH 4 (30 mg) and 0.5 mL of H 2 O was then added in the above solution, which was stirred for 30 min. Pd/Fe 3 O 4 @HKUST-1 was prepared similarly to the synthesis of Fe 3 O 4 @HKUST-1 by adding colloidal Pd nanoparticles. Fe 3 O4@Cu 2 ĲOH) 3 NO 3 (97 mg) and 5 mL of the above Pd colloidal solution were added to the mixed solution of 5 mL of EtOH and 2 mL of water containing H 3 BTC (106 mg) as the organic linker. The mixture was stirred for 10 min at room temperature. Then, the magnetic framework composite crystals were isolated from the pure crystals not containing Fe 3 O 4 particles by magnetic collection. The resulting powder was washed with water and EtOH, and then collected via centrifugation at 5000 rpm. The collected samples were dried under vacuum.
General methods
The surface morphologies of samples were observed using a field emission scanning electron microscope (FE-SEM; Merlin; Carl Zeiss Germany) with a thin iridium film coating. Standard θ-2θ X-ray diffraction (XRD) data were recorded on a Rigaku Smart Lab diffractometer using Cu Kα radiation (λ = 1.5406 Å). Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed by using Varian 730-ES axial ICP-OES. Nitrogen adsorption-desorption isotherms were collected using a BEL-SORP mini (BEL Japan, Inc.) at 77 K. Fourier transform infrared spectroscopy (FT-IR: ALPHA FT-IR spectrometer, Bruker Optik GmbH) was employed in the ATR configuration. Thermogravimetric analysis (TGA) was carried out using a thermal analyzer (Shimadzu DTG-60), with a heating rate of 10 K min −1 in air. Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were performed at the Australian Synchrotron. A capillary with a 1.5 mm diameter was used for the in situ characterization by SAXS and WAXS. Once filled with the solution, the capillary was illuminated by a high-intensity X-ray beam at the beamline, and the scattered radiation was collected by the detector (Pilatus 1 M). An on-axis video camera allowed for parallax free sample viewing and alignment at all times before and during exposure, enabling precise and rapid sample alignment. Transmission electron microscope (TEM) images were recorded using a JEM-2000FX operating under a 200 kV accelerating voltage. XAFS (XANES and EXAFS) spectra were recorded at the BL-01B1 facility of SPring-8 at the Japan Synchrotron Radiation Research Institute (JASRI). Fe K-edge and Pd K-edge XAFS spectra were recorded in the fluorescence mode using a Si(111) double-crystal monochromator at room temperature. Magnetization curves were recorded using a vibrating sample magnetometer (VSM, Riken Denshi Co., Ltd., BHV-50H).
Catalytic study
One-pot deacetalization-Knoevenagel condensation reaction was carried out in a 35 mL glass reactor. A solution of benzaldehyde dimethylacetal (1 mmol), malononitrile (5 mmol) and 4 mL of 1,4-dioxane was stirred at 90°C with 50 mg of the catalysts in powder form. The progression of the reaction was monitored using gas chromatography (Shimadzu GC-14B with a flame ionization detector) equipped with an InertCap®1 capillary column. Reusability of the catalyst was studied as follows. After the first run, the catalyst was collected by a magnet, washed three times with 1,4-dioxane, dried at 40°C in air and reused for the next run. The above procedure was repeated five times.
The hydrogenation of 1-octene was performed to evaluate the catalytic activity of Pd/Fe 3 O 4 @HKUST-1. The catalysts (50 mg), 1-octene (5 mmol), and 10 mL of methanol were introduced into a glass reaction vessel with a reflux condenser. The resulting mixture was bubbled with hydrogen for 15 min and then stirred at 40°C under hydrogen bubbling (10 mL min −1 ). The progress of the reaction was monitored by gas chromatography analysis using an internal standard technique (n-decane).
Conclusions
Magnetic Fe 3 O 4 nanoparticles have been successfully incorporated into HKUST-1 through the conversion of a Cu-based ceramic precursor. Fe 3 O 4 played a significant role in the conversion process from ceramic to HKUST-1 with an influence on the kinetics (faster) and the MOF particle size (smaller). It was also revealed by several characterization techniques that the magnetic Fe 3 O 4 particles were incorporated into HKUST-1 without causing significant aggregation. The prepared material (Fe 3 O 4 @HKUST-1) has been successfully utilized as a magnetically recyclable heterogeneous catalyst to promote one-pot sequential deacetalization-Knoevenagel condensation reaction. In addition, the results showed that Fe 3 O 4 / HKUST-1 exhibits higher catalytic activities than conventional inorganic heterogeneous catalysts (e.g. Al 2 O 3 , SiO 2 , MgO). Pd nanoparticles were also incorporated alongside Fe 3 O 4 within HKUST-1 and successfully used for the hydrogenation of 1-octene in the liquid phase. These findings suggest new possibilities for the encapsulation of different nanoparticles within MOFs demonstrating that multifunctional catalysts can be obtained through the conversion from ceramic composites into MOF composites.
